Abstract Quantitative PET imaging requires an attenuation map to correct for attenuation. In stand-alone PET or PET/CT, the attenuation map is usually derived from a transmission scan or CT image, respectively. In PET/MR, these methods will most likely not be used. Therefore, attenuation correction has long been regarded as one of the major challenges in the development of PET/MR. In the past few years, much progress has been made in this field. In this review, the challenges faced in attenuation correction for PET/MR are discussed. Different methods have been proposed to overcome these challenges. An overview of the MR-based (template-based and voxel-based), transmission-based and emission-based methods and the results that have been obtained is provided. Although several methods show promising results, no single method fulfils all of the requirements for the ideal attenuation correction method for PET/MR. Therefore, more work is still necessary in this field. To allow implementation in routine clinical practice, extensive evaluation of the proposed methods is necessary to demonstrate robustness and automation.
Introduction
To develop PET/MR as a clinically usable tool, many difficulties must be overcome. The most obvious problems are encountered in the hardware design sector, particularly when designing MR-compatible PET detectors. However, much progress has been made in this field, and several MR-compatible PET detectors have been developed [1] [2] [3] [4] [5] . Other problems are related to the quantitative reconstruction of PET images. In PET/MR, the goal is to obtain PET image quality that is comparable to the quality that is currently obtained with PET/CT. Current state-of-the-art iterative PET image reconstruction includes corrections for different image-degrading effects such as photon attenuation and scatter, random coincidences and detector efficiency non-uniformity [6] . From the initial development of PET/MR scanners, the need to correct for photon attenuation was recognised as a major long-term research topic [7] .
Although progress has been made, no single method currently solves all problems. The aim of this review paper is to provide an overview of the current state-ofthe-art progress in attenuation correction for PET/MR. First the concept of photon attenuation will be discussed along with the different methods that are used for attenuation correction in stand-alone PET or PET/CT. Subsequently, the specific difficulties encountered in attenuation correction for PET/MR are reviewed. Then, an overview of the different methods that have been tested, the results that have been obtained and the problems that still remain is given.
Photon attenuation

Photon attenuation in PET
When a positron is emitted by a radioactive nucleus in a PET tracer, it annihilates with an electron after travelling some distance, thereby emitting two 511-keV photons in (almost) opposite directions. PET data collection consists of the recording of these photons hitting the detectors. If the annihilation occurs inside the body, the photons must travel through tissue to reach the detectors. When a photon travels through matter, there is a possibility that it will interact with this matter. The most important interaction in PET is photon attenuation, which occurs when a photon is scattered or absorbed by an atom. If a number of photons are travelling a distance L in a tissue, only a fraction of them will transmit (and escape attenuation), as determined by:
where TF is the transmitted fraction, and l is the linear attenuation coefficient of the tissue. The attenuation coefficient is dependent on the electron density of the tissue and the energy of the photon. Because all unscattered photons in PET have an energy of 511 keV, we will hereafter only consider attenuation coefficients at 511 keV. The 511-keV attenuation coefficients of a number of tissues are listed in Table 1 . For most tissue types, a range of values is found in the literature. Some of these values are based on reference publications, such as [8, 9] .
Attenuation correction
Because the probability that a photon is attenuated depends on both the electron density and the thickness of the tissue it travels through, the effects of photon attenuation are different throughout the body. Photon attenuation has a large effect in central areas, where more than 90 % of photon pairs will be attenuated. PET images that do not accurately represent the distribution of the radioactive tracer within the body are obtained if no correction is performed for photon attenuation. Therefore, attenuation correction is routinely implemented in the reconstruction algorithm. The implementation of such a correction method into the reconstruction algorithm is not discussed here because it is described in many textbooks and has been established for several decades [10] . However, all attenuation correction methods require knowledge of the distribution of attenuation coefficients throughout the body. This distribution is called the attenuation map, and it can be regarded as a 3-dimensional image. The most difficult part of attenuation correction is obtaining this map. Therefore, the differences between various attenuation correction methods are mostly attributed to how the attenuation maps are obtained.
Effect of attenuation
Since the early development stages of PET, the effect of photon attenuation on clinical PET images has clearly been too large to remain uncorrected, especially in whole-body imaging. Therefore, attenuation correction is always performed in clinical imaging. However, questions linger regarding the degree of accuracy required for the correction (i.e., the accuracy required for the attenuation map). Recently, some of the authors have investigated the requirements for segmented attenuation maps [11] . In MRbased attenuation correction for PET/MR, as discussed below, the attenuation map is often derived by segmenting an MR image into different tissue types. One of the major questions in such a method is which tissue types should be distinguished. Using Monte Carlo simulations of the digital XCAT phantom, we found that five tissue types should be discriminated to obtain quantitatively accurate PET images: air, lung, soft tissue, spongious bone and cortical bone. The most important tissue type to discriminate (after air and soft tissue) is lung tissue because assigning the attenuation coefficient of air to lung tissue leads to errors of 25-40 %. Ignoring spongious bone and cortical bone leads to errors between 10 and 20 %. Adipose tissue can also be discriminated, but this is not explicitly necessary because ignoring the difference in attenuation coefficients between adipose tissue and soft tissue only leads to errors of approximately 5 %.
In segmented attenuation maps, classification errors between different tissue types can also occur, especially in tissue types that have low signals on MR images, such as lung or cortical bone. We have shown that misclassifying 10 % of the lung voxels as air can be tolerated, but classifying even a small fraction (5 %) of lung voxels as soft tissue or cortical bone should be avoided because it immediately leads to errors of 10 % or more. Classification errors in up to 20 % of cortical bone voxels can also be tolerated. Finally, segmentation-based methods generally use the same attenuation coefficient for a certain tissue for all patients within a population. However, there is large interpatient variability in lung attenuation coefficients. We have shown that this variability should ideally be taken into account. Otherwise, reconstructed PET images from a patient with a lung attenuation coefficient that is a single standard deviation from the mean lung attenuation coefficient in the population will exhibit errors of at least 6 %. In conclusion, segmentation-based methods should aim to discriminate at least air, lung, soft tissue, spongious bone and cortical bone; should avoid segmentation errors in the lungs; and should account for interpatient variability of lung tissue attenuation coefficients. As will be described below, no segmentation-based methods currently fulfil all of these requirements.
Methods for deriving the attenuation map Different methods, usually based on imaging methods that directly measure electron density, are used to obtain attenuation maps. On stand-alone PET scanners, transmission-based attenuation maps are used. Transmissionbased attenuation maps are obtained by placing a radioactive source inside the scanner along with the patient and recording the transmission of photons from the source through the patient. The first transmission scans were performed in coincidence mode with long-lived positronemitting rod sources, such as 68 Ga/ 68 Ge [12] . High-flux single-photon-emitting rod sources with high energy, such as 137 Cs, are now most frequently used [13] . There are a number of disadvantages to transmission-based attenuation correction, including the low statistical quality and resolution of the images and the long acquisition times if transmission imaging cannot be performed simultaneously with emission scanning. When simultaneous emission and transmission imaging are performed, contamination of the transmission data by emission photons also causes degradation of the attenuation map. Although X-ray computed tomography (CT) is, strictly speaking, a transmission-based acquisition method, the term transmission in this paper will only be used in reference to transmission scans performed with high-energy photons.
Currently, almost all PET systems are sold in combination with a CT scanner as a multimodal sequential PET/ CT system [14] . CT image values are also related to electron density. Therefore, they can be relatively easily converted into 511-keV attenuation maps for a wide range of materials using piecewise linear scaling of CT Hounsfield units (HU) [15, 16] . CT images have less noise and a higher resolution than transmission-based attenuation maps, leading to better attenuation maps and the possibility of using them as anatomical reference. Furthermore, CT images can be acquired much faster than transmission scans. However, there are some issues with CT-based attenuation correction, mainly related to inaccuracies in the scaling process for some materials, such as contrast agents. The short acquisition times for CT images can also lead to a mismatch between the attenuation map obtained with CT (usually acquired during a single respiratory phase) and the actual attenuation map at the time of PET scanning (acquired during free breathing) [17, 18] . Nevertheless, CT-based attenuation correction is currently the best attenuation correction method available and the de facto gold standard.
Challenges in attenuation correction for PET/MR
Because transmission-based and CT-based attenuation correction are good methods for stand-alone PET or PET/ CT, these methods could also be considered for use in PET/ MR. However, most research in this area is currently focused on MR-based attenuation correction that aims to derive the attenuation map from MR images acquired on the PET/MR scanner. During the development of any of these methods, a number of difficulties can be encountered. These difficulties are specific to the type of PET/MR design that is used. As explained in the review on PET/MR system design by Delso et al., either a sequential (such as the Philips Ingenuity PET/MR) or an integrated design (such as the Siemens mMR) may be used [19] . The requirements will clearly be more stringent in the case of an integrated design. Therefore, in this review, we will mainly evaluate the applicability of attenuation correction methods in the context of integrated PET/MR.
First, there are hardware constraints, which mainly apply to transmission-based or CT-based attenuation correction because these methods require an external acquisition system for the acquisition of the attenuation map. The system should then be able to operate in the strong magnetic field created by the MR magnet and should not significantly influence this field. Furthermore, the system should be able to fit inside the already narrow bore of the PET/MR system if integrated PET/MR imaging is intended.
Second, time constraints are an issue because one aims to use as little time as possible to acquire the attenuation map. Time may be an issue in transmission-based methods or in MR-based methods, which require the acquisition of specific MR images to determine the attenuation map.
An issue that is specific to MR-based methods is that there is no direct correlation between MR image intensity and electron density. Therefore, a direct conversion from an MR image to the attenuation map is difficult. Additionally, there is no contrast between air, lung and cortical bone in images acquired with conventional MR sequences because all three tissue types have (almost) no signal in these images. This means that these tissues cannot be discriminated based on MR image intensity alone. However, assigning the same attenuation coefficient to air, lung and cortical bone will lead to large errors because they have very different attenuation coefficients.
An attenuation map should include not only the patient but also all of the other objects inside the PET scanner. Thus, in PET/MR, the patient table and RF coils should also be included. The attenuation caused by the RF coils can be significant because the coils can be quite large and include metallic parts. This problem is often addressed by including a template of the coil in the attenuation map [20] . While this is relatively easy for rigid coils, it is quite difficult for flexible coils, e.g., a chest coil. Another issue may be caused by truncation of the attenuation map due to the limited field of view of CT and MR (usually a cylinder with radius 25 cm). For example, a patient's arms may not be included in the CT or MR image used to derive the attenuation map, leading to an attenuation map without arms. This problem has already been encountered in PET/CT [21, 22] and is usually solved by asking a patient to keep his/her arms out of the transverse PET field of view during the acquisition. However, this request is quite uncomfortable for the patient and may be even more so in PET/MR due to the longer acquisition times.
Another issue specific to MR-based attenuation correction is that a mismatch between PET and MR may cause an incorrect attenuation map and lead to incorrect attenuation correction. A mismatch could be caused by geometric distortions of MR images. These distortions may result from static field inhomogeneities or from dynamic field inhomogeneities caused by gradient-field nonlinearities. In the literature considered for this work, we found only one reference to this problem, and its influence was deemed correctable using calibration of MR sequence parameters [23] .
Upon combining these issues, we can summarise the requirements for the ideal attenuation correction method for PET/MR. Such a method should fulfil the following requirements:
1. Enable the derivation of an accurate and sufficiently detailed attenuation map that:
• Distinguishes all relevant tissue types • Derives patient-specific attenuation coefficients for some tissues, mostly lung • Includes the complete patient, even the arms • Includes the MR coils and the patient table • Correctly aligns with the acquired PET data.
Acquire this attenuation map without affecting PET and MR imaging:
• Without significantly increasing the total acquisition time of the protocol • Without affecting PET or MR image quality.
3. When new parts are added to the system, they should be practical to implement:
• Small enough to fit inside the bore • Placed outside the bore.
Currently, no method fulfils all of these requirements. In the following sections, an overview is provided of the methods that have been proposed and tested. The methods are ordered methodologically rather than chronologically for improved clarity. First, two types of MR-based methods are discussed: template-based and voxel-based. Aside from MR-based attenuation correction, some groups are investigating alternative methods. The last two sections cover transmission-and emission-based methods, which are not uniquely usable in PET/MR but could also be interesting for stand-alone PET. Although the development of such methods is still in progress and none of them are currently implemented on any available clinical systems, they may be adopted in the future.
Although CT-based attenuation correction is the current de facto gold standard for PET/CT, CT-based attenuation correction has not been investigated specifically for PET/ MR. Because technical difficulties prohibit placing a CT gantry inside the MR bore, it is unlikely that CT-based attenuation correction will ever be adopted for truly integrated PET/MR. Nevertheless, CT-based attenuation correction could be used if coregistered CT images are available for a given patient. In such cases, CT-based attenuation correction can be implemented exactly as in PET/CT without any specific adaptations for PET/MR, but this possibility is not discussed in this review.
Template-and atlas-based methods
Template-based methods were first proposed by Montandon and Zaidi in 2005 [24] . This was not in the context of PET/MR, but rather as a proposed solution to the long acquisition times needed for transmission measurements in stand-alone brain PET. In that study, the attenuation map was derived by first warping the acquired non-corrected PET image to a template non-corrected PET image. The same transformation was then applied to the template attenuation map, theoretically yielding an attenuation map that was warped to the acquired PET image.
This method can be applied to brain PET/MR with a few minor modifications, as described by Rota Kops et al. in 2007 [25] . In their study, a T1-weighted (T1w) MR image was used as the template, rather than the uncorrected PET image.
This led to higher accuracy in the warping process due to the higher resolution of the MR image and template. This method was first tested on 4 subjects and then in a follow-up study on 30 subjects [25, 26] . The reconstructed PET images were evaluated by calculating the relative differences in three cortical and three subcortical regions of interest, showing average errors of less than 5 % in all regions of interest. The maximum error in a region of interest was 10 %.
A more advanced method, also based on reference images, was proposed by Hofmann et al. [27] . This method uses a combination of prior anatomical knowledge and regional information. It starts from a T1w MR image of the patient and a number of available reference MR-CT datasets, which could be considered as the atlas. First, all MR images of the atlas are coregistered to the MR image of the patient; after this step, the same transformations are applied to the corresponding atlas CT images. A pseudo-CT is then derived by taking a weighted average of all co-registered CT images in each voxel. The weight of each contribution depends on regional image information, i.e., the patch surrounding the voxel.
In the initial study, this method was applied to human brain data (Fig. 1) . The accuracy of pseudo-CT prediction was evaluated on 17 CT-MR datasets. The average absolute error in the pseudo-CT images was 100.7 HU. For three patients, PET/CT and MR datasets were available, and PET images were reconstructed with CT-based and MR-based attenuation correction. The average relative difference was 3.2 % in ten clinically relevant volumes of interest (VOIs) in the brain. In a second study, the method was slightly modified, and its performance in whole-body imaging was compared to a segmented MR-based attenuation correction method [28] . Eleven PET/CT and MR datasets were evaluated in 21 VOIs with normal physiologic uptake and in a number of hotspot lesions. This method performed better than the segmentation-based method, especially due to relative insensitivity to metal artefacts and the inclusion of bone in the attenuation map. However, this method still showed frequent large quantification errors of 10 % or more. The method performed especially poor in the lungs, with an average relative error of 14 %. The top and bottom row show a slice through the middle of the brain and the skull base respectively. Reproduced with permission of the Society of Nuclear Medicine from [27] Voxel-based methods Voxel-based methods attempt to derive the attenuation map based on local information alone. One of the most straightforward approaches in voxel-based attenuation map generation based on MR images is the direct conversion of MR image intensities into attenuation coefficients. Unfortunately, there is no direct correlation between MR image intensity and the attenuation coefficient. As discussed above, the similar representations of air, lung and cortical bone pose an additional problem. Consequently, one exemplary direct-mapping method based on histogram matching produces attenuation maps with severe artefacts [29] . A natural extension to this approach is the intermediate step of image segmentation and tissue classification. This additional step enables the resolution of ambiguities, perhaps by incorporating voxel neighbourhood operations, using information from two or more MR images or using prior knowledge about the patients anatomy. In this section, three voxel-based approaches are discussed, all of which are based on different types of MR images.
Standard sequences for segmenting air, soft tissue and lung Brain SPECT and brain PET were the earliest applications in which MR-based attenuation maps were used. El Fakhri et al. segmented T1w 2-D gradient-echo images (1.5 T; TR/TE, 35 ms/5 ms; flip angle, 45°; resolution, 0.86 9 0.86 9 1.5 mm 3 ) into bone and soft tissue compartments [30] . The resulting non-uniform attenuation maps were converted into uniform maps (with only the attenuation coefficient of water in the emitting object) as outlined in [31] . Most likely due to this conversion, air cavities were ignored. Zaidi et al. applied fuzzy c-means clustering to T1w 3-D spin-echo images (1.5 T; TR/TE, 15 ms/4.4 ms; resolution, 1.1 9 1.1 9 0.97 mm 3) to segment the images into air, brain tissue, skull, nasal sinuses and scalp [32] . In a later study comparing this technique with different emission-and atlas-based methods, ROI activities in the PET images reconstructed with this MR-based attenuation correction method showed the highest correlation to the gold standard activities based on a transmission-based method [33] . Unfortunately, segmentation of the skull required manual intervention in the form of morphological closing operations, thus impeding fully automatic application.
In a feasibility study of simultaneous PET/MR of the human brain and skull base, Schlemmer et al. segmented MR images into air and tissue only [34] . While they reported that there was ''no evidence of artefacts or distortions,'' the results were not quantitatively evaluated in this study. The authors concluded that PET/MR was unlikely to replace PET/CT, partly due to the difficulties in attenuation correction for PET/MR. Further approaches based on the segmentation of standard MR sequences were presented at several conferences (e.g. [35] [36] [37] ). Steinberg et al. evaluated segmentation-based attenuation correction in five beagles and found good qualitative results [38] . However, these results are difficult to extrapolate to clinical human applications.
Schulz et al. focused their attention on robustness and short acquisition times when assessing the performance of a three-class-segmentation approach in 15 patients [39] . Whole-body MR data were acquired using a free-breathing 3-D T1w spoiled gradient-echo MR sequence (3.0 T; TR/TE, 4 ms/2.3 ms; flip angle, 2°; resolution, 4 9 4 9 4 mm 3 ; acquisition time, 3.5 min/120 cm) to segment air, lung and soft tissue. MR image intensity thresholds were determined using Laplacian histograms. Two examples are shown in Fig. 2 . The authors compared CT-, segmented CT-and segmented MR-based attenuation correction. While image quality was slightly impaired in MR-based attenuation correction, the diagnostic value of the images was rated as unaffected compared to CT. The largest lesion activity underestimations were found in bone lesions (-3.0 ± 3.9 %). Segmented CT attenuation correction resulted in even larger deviations in these lesions (-6.5 ± 4.1 %), suggesting that the mere process of segmentation without considering bone has a measurable effect, in addition to the effect induced by MR misclassification.
Dixon sequences for water/fat separation
The Dixon technique relies on the difference in Larmor frequency between protons in water molecules and protons in fat molecules to derive water and fat images from a set of MR images acquired at different echo times [40] . Because the attenuation coefficients of adipose tissue and soft tissue are different, this technique seems naturally suited to gather additional information about the distribution of attenuation coefficients in the body.
Using the Dixon technique for MRAC was first proposed by Martinez-Möller et al. for whole-body imaging [41] . In their study, the authors used a 2-point Dixon MR sequence (1.5 T; [42] ) with two patients and applied thresholding to water and fat images for classification of soft tissue, adipose tissue and soft/adipose tissue mixtures. Segmentation artefacts arising from the lack of bone MR signal were corrected using a 5-mm closing filter, and connected component analysis of the unclassified voxels was used for lung segmentation. Figure 3 shows an example of one dataset. The SUV values of seven lymph node metastases derived using MR-based AC decreased by an average -2.7 % (maximum, -6 %) compared to CT-based AC, with no difference in clinical interpretation. With an acquisition time of 18 s for one table position of 21 cm, this fully automated technique meets an important requirement for clinical application.
The MR-based approach was further evaluated by Eiber et al. with 35 patients [43] . A 2-point Dixon volumetric interpolated breath-hold examination (VIBE) T1w MR sequence (3 T; TR/TE, 3.6/1.225 ms; resolution, flip angle, 10°; 4.1 9 2.6 9 2.6 mm 3, acquisition time, 18 s/table position) was acquired in end-expiratory position, similarly to CT. In 81 lesions, the clinical interpretations of PET using MR-based AC and PET using CT-based AC were Fig. 2 Coronal MR slices (top) from two patients with corresponding three-segment attenuation maps (bottom), generated by Schulz et al. Tissue classes ''air'' (black), ''lungs'' (dark gray) and ''soft tissue'' (gray) can be differentiated. Reproduced with kind permission from Springer Science ? Business Media [39] identical. The lesions with the largest mean differences were bone metastases, with a mean decrease of 7.5 % compared to CT-based AC. In another study by Eiber et al., a PET/MR protocol for staging head-and-neck cancer included the described attenuation correction method and yielded the same diagnostic quality as a PET/CT protocol [44] . A performance comparison between a similar segmentation-based method and the atlas-based approach by Hofmann et al. was previously discussed in the section on template-and atlas-based methods [28] .
UTE-MR
As discussed above, a notable issue in MR-based attenuation correction is that there is no contrast between air, lung and cortical bone in images acquired with conventional MR sequences. This is due to fast dephasing of the signal in lung and cortical bone. Therefore, the low signals of lung and cortical bone on conventional MR images are caused by signal sampling that is not quick enough after RF excitation, i.e., the echo time is too long. In voxel-based Bottom attenuation map is MRI-based between the dashed lines, and PET image is attenuation-corrected using this map. Note the co-localization of segmentation errors in the attenuation and PET image differences below the left lung. Reproduced with permission of the Society of Nuclear Medicine from [41] methods, the low contrast between air, lung and cortical bone leads to difficulties discriminating these three tissues based on the image intensity of a single voxel. In the methods described in the previous sections, the problem of lung segmentation is usually solved through a region approach, together with some basic anatomical assumptions on the location of the lungs within the body. Cortical bone is mostly ignored, assuming that it will only have a small effect. However, Keereman et al. showed in a simulation study that ignoring cortical bone may lead to quantification errors of up to 18 % in osseous lesions [11] . Martinez-Möller et al. showed a maximum error of up to 13 % in a study on patient data [41] . Therefore, a method that allows discrimination of cortical bone is desirable. Furthermore, the discrimination of lung tissue based on MR image intensity alone, without anatomical assumptions, would also be interesting.
For this purpose, attenuation correction methods based on ultrashort echo time (UTE) sequences were introduced. UTE sequences were designed to visualise tissues with short T 2 relaxation times, such as tendons, ligaments, cortical bone or lung tissue [45, 46] . Most UTE sequences are socalled dual-echo sequences: first, an FID image is acquired very quickly after RF excitation (50-150 ls), followed by a gradient-echo at 2-3 ms. Because tissues with short T2 are visible in the FID image but not in the gradient-echo image, they can be discriminated from soft tissue (visible in both images) and air (visible in neither image).
The first UTE-MR-based attenuation correction method was proposed by Keereman et al. [47] . In their method, the attenuation map was derived from the transverse relaxation map or R 2 -map. The advantage of using R 2 -maps is that R 2 is a quantitative parameter, independent of MR system properties such as receiver gain. The method was evaluated on five patient brain PET/CT and MR datasets [47] (3 T; TR/ TE1/TE2 4/0.14/1.8 ms; flip angle 10°; resolution 1.3 9 1.3 9 1.3 mm 3 , acquisition time 6 min). An example is shown in Fig. 4 . No large visual differences, such as artificial hot spots, were observed between PET images reconstructed with CTAC or MRAC. An average relative difference of approximately 5 % was observed in all patients in a volume of interest covering the entire brain. The maximum difference was between 20 and 40 % in all patients.
A second UTE-MR-based method was proposed by Catana et al. [48] . In their method, two parameters (P A and P B ) were calculated for each voxel, and empirical thresholds on these parameters were used to discriminate air, soft tissue and cortical bone. This method was tested on four brain PET/MR and CT datasets of healthy volunteers [48] (3 T; TR/TE1/TE2 200/0.07/2.4 ms; flip angle 10°; resolution 1.67 9 1.67 9 1.67 mm 3 , acquisition time 3.5 min). PET and MR images were acquired on the Siemens BrainPET insert, which was designed to fit inside a Siemens Magnetom 3T system. The PET images were then reconstructed with CT-based and UTE-MR-based attenuation correction and compared, as illustrated in Fig. 5 . Although the authors did not provide explicit quantitative results, the average relative error in the PET images appears to be approximately 5 %. The maximum error in the published images was 20 %.
Berker et al. investigated a combination of UTE-and Dixon-based decomposition. A new MR sequence was [47] developed for this investigation, called UTILE (UTE Triple Echo), which acquires two gradient-echo images in addition to the FID image, allowing Dixon decomposition. Cortical bone is discriminated based on the information in the FID image. Dixon decomposition is used to assign the correct attenuation coefficients to voxels containing either soft tissue or adipose tissue. This method was tested on one healthy volunteer and six patients in the head and neck region [23] (3 T; TR/TE1/TE2/TE3 4.1/0.09/1.09/2.09 ms; flip angle 10°; resolution 1.75 9 1.75 9 1.75 mm 3 , acquisition time 3.5 min). Average relative errors between -4.8 and ?7.6 % were observed in eight volumes of interest in the brain when four tissue classes were used. This was improved compared to when either the water/fat discrimination was removed (?11.4 %) or the UTE-based cortical bone discrimination was excluded (-14.1 %).
Another method combining UTE-MR images with extra information was proposed by Johansson et al. [49] . A Gaussian mixture regression model was used to derive a substitute CT from the image intensities observed in images acquired with three different MR sequences: a spin-echo T2-weighted sequence and two dual-echo UTE sequences with the same echo times but different flip angles. This method was tested on five patient brain datasets. Because no PET data were available, the difference between the substitute CT image obtained with the method and the acquired CT image was calculated for each patient. The mean absolute error varied from 116 to 176 HU for individual patients. One benefit of this method is that no segmentation is performed; hence, an attenuation map with continuous values could be obtained.
Transmission-based methods
In MR-based attenuation correction, several major difficulties are encountered, but some of these difficulties are Reproduced by permission of the Society of Nuclear Medicine from [48] not an issue for transmission-based techniques. One of the major problems is that MR signals are related to the proton density and relaxation properties of tissue, not to electron density. It is also difficult to visualise MR coils because most of them are invisible on MR images. A transmissionbased technique should allow determination of the attenuation coefficients of all of the objects inside the FOV without the use of any template or prior knowledge. When a positron-emitting transmission source is used, attenuation coefficients at 511 keV are also acquired, rendering the use of scaling obsolete. Although different configurations for transmission scanning exist, not all of them are compatible with PET/MR. Given the strong magnetic field and space constraints, rotating sources are difficult to implement. A static source could be used but must fit within the small bore of the MR magnet. Additionally, performing simultaneous emission and transmission imaging is desirable so that no PET or MR acquisition time is lost while acquiring the attenuation map.
In a method that can only be used in time-of-flight (TOF) PET/MR, Mollet et al. [50] proposed the use of a static annulus-shaped transmission source. In this particular study, a hollow PVC cylinder was surrounded by an airtube coil filled with 18 F-FDG. When simultaneous emission/ transmission scanning was performed, the transmission data were extracted from the combined emission/transmission data to allow derivation of the attenuation map. This can be performed using TOF information, which estimates the emission point along each detected line of response. The transmission events are then used in an iterative algorithm to reconstruct the attenuation map. The method was validated with a simulation study in GATE [51] using the digital NCAT phantom [52] , a model of the Philips Gemini TF scanner and a 70-cm-diameter annulus transmission source filled with 18 MBq of 18 F-FDG. The authors performed a 3-minute simultaneous emission/ transmission scan of a small region of the torso. The reconstructed attenuation map was segmented to eliminate noise. Figure 6 shows a central slice of the reconstructed attenuation map before and after segmentation and the CTbased attenuation map of the NCAT torso. The reconstructed attenuation coefficients differ less than 5 % in VOIs inside the lungs, bone and soft tissue. When applying attenuation correction in the reconstruction of the emission data, SUV errors smaller than 9 % were obtained for all tissues. This method successfully addresses most issues related to MR-based attenuation correction. However, simultaneous acquisition using an annulus transmission source has some disadvantages, mainly due to the decrease in count rate performance of the PET scanner because of the increased activity inside the PET bore.
Emission-based methods
The attenuation map can be derived directly from the emission data or reconstructed emission distribution. Because such methods can be used on any PET system, they may also be useful for PET/MR. Several techniques have been proposed, and these techniques can be divided into three different classes. The first class of algorithms uses segmentation techniques to cluster the voxels of the uncorrected emission images into regions of approximately constant attenuation, to which tissue-dependent attenuation coefficients at 511 keV are assigned [53, 54] . The second class attempts to derive quantitative attenuation coefficients from the emission projections using simultaneous reconstructions of the activity and attenuation distributions. The third class tries to independently reconstruct the attenuation using consistency conditions. In the following section, we will only describe the last two approaches.
Simultaneous statistical reconstruction
Emission-based reconstruction of attenuation coefficients started with the work of Censor et al. [55] , who reconstructed the emission tomographs and attenuation maps by alternating iterations using only the emission projections. Nuyts et al. [56] improved this idea by using a constrained maximum likelihood (ML) approach, which considers the Poisson nature of the data and enables the use of a priori knowledge regarding the attenuation of human tissue. This method is referred to as MLAA, which stands for Maximum Likelihood reconstruction of Attenuation and Activity. Results of an abdominal PET study are depicted in Fig. 7 . The absolute difference between the emission distributions reconstructed using MLAA and ML-EM with measured attenuation correction mainly contains noise, with a mean squared error of 28 % of the mean or 6.5 % of the maximum of the ML-EM image. Although these approaches would eliminate the need for transmission scanning, emission data alone do not determine the attenuation correction factors. Furthermore, the inherent crosstalk between the two unknown variables causes problems [56, 57] . However, TOF reconstruction is more robust than non-TOF reconstruction when attenuation correction is not accurate or not applied at all [58] . Recent research shows that by including TOF information, one can determine the attenuation sinogram by the emission data up to a constant scaling factor [59] . The MLAA algorithm has been adapted to include TOF information, and the method was illustrated with a 2-D PET study of a digital torso phantom (Fig. 8) .
Methods based on consistency conditions criteria To avoid crosstalk, the attenuation map can also be reconstructed without reconstructing the activity distribution. This can be performed by applying a set of mathematical conditions that the measured data should satisfy [60] . These consistency conditions can be used to estimate the parameters for a uniform elliptical attenuation distribution for two-dimensional PET data. This work was later extended to three-dimensional correction using a single template [61] .
In a TOF PET/MR environment, these techniques could be combined with MR imaging to improve the accuracy of the attenuation maps. Salomon et al. [62] investigated how an emission-based technique can be used to reconstruct attenuation coefficients of previously defined connected anatomical regions. This leads to increased robustness because the number of possible outcomes is significantly reduced. No additional anatomical or a priori information such as organ models are included. Thus, the method is not affected by interpatient variability in the anatomical structure of the tissues. This method was evaluated with five patient studies using data acquired on the sequential Philips PET/MR scanner. The reconstructed attenuation map and emission distribution of one patient study is shown in Fig. 9 . The reconstructed attenuation coefficients were compared to the CT-based attenuation map, and absolute mean differences of 0.005 cm -1 (\20 %) in the lungs, 0.0009 cm -1 (\2 %) in adipose tissue and 0.0015 cm -1 (\2 %) in blood and muscles were obtained. The average deviations between the estimated activities found using the reconstructed and CT-based attenuation methods are as follows: bony tissue: -10.3 %; blood and muscles: -2.9 %; and adipose tissue: -2.0 %. [56] Some problems occur when using conventional MR images for anatomical information. Different tissue classes show reduced region homogeneity, especially in the ribs, the lungs and the backbone and surrounding tissue. Additionally, Salomon et al. [62] observed misalignment between the PET and MR images, which is avoided in a simultaneous PET/MR scan. Another problem was caused by the limited FOV of the MR scanner. This issue was solved by estimating the body contour using only PET emission data. In conclusion, the proposed method provides a robust attenuation correction method derived from TOF-PET data and segmented MR images without the use of additional anatomical information or prior knowledge regarding the attenuation coefficients. Further research should focus on the use of novel sequences, such as UTE sequences, to improve tissue classification and avoid segmentation artefacts in the reconstruction attenuation and activity distribution.
Discussion
Based on the results presented above, no method currently fulfils all of the requirements for the ideal attenuation correction method for PET/MR. Table 2 provides an overview of all categories of methods discussed in this review and their main advantages and drawbacks. Simple template-based methods have only been used on brain studies, and they will likely never be applicable to wholebody imaging because these methods assume that all patients have comparable anatomies. For whole-body imaging, this assumption does not hold. More complex approaches, such as the method of Hofmann et al., can be applied during brain and whole-body imaging. While the errors in brain imaging are small, larger errors are observed in whole-body imaging. Although the Hofmann method is much more advanced than simple template registration Fig. 8 Reconstructions of the attenuation image from simulated data without noise (top row), with noise (middle row), and with more noise (bottom row) using the method proposed by Defrise et al. From left to right: the true attenuation image, the image estimated by the analytical method, and the reference images reconstructed with the maximum-likelihood MLTR algorithm and with FBP. These reference images were computed from the TOF-integrated attenuated emission sinogram, assuming that the true activity distribution was known. Reproduced with permission from [59] methods, it is still largely based on reference data. It is unclear how this method will perform when patients with anatomical abnormalities are imaged.
Voxel-based methods try to determine the attenuation coefficient of a voxel in the MR image based on information from that voxel, generally using the intermediate step of segmentation. The performance of such methods depends on the ability of the segmentation algorithm to discriminate the relevant tissue types. One major difficulty lies in the discrimination of air, lung and cortical bone, which have low signals on images acquired with conventional MR sequences. Nevertheless, methods based on conventional MR images have been developed and tested on whole-body imaging, and these methods have acceptable results. Dixon MR sequences, which allow separation of soft tissue and adipose tissue, have also been used. The difference in the attenuation coefficient between bone and soft tissue is completely ignored in these methods, inevitably leading to errors. One advantage of using standard MR images is that they can be acquired very quickly, allowing acquisition of the patients complete body within a few minutes. These images can also be used as anatomical reference data, comparable to the role of CT in PET/CT.
To allow discrimination of air, lung and cortical bone based on the image intensity of a single voxel, UTE-MRbased attenuation correction methods have been proposed. Theoretically, such sequences could be used to derive a whole-body attenuation map in the absence of prior knowledge. Unfortunately, the acquisition time of current UTE sequences is far too long to allow the acquisition of whole-body images within a reasonable time frame. Therefore, UTE-MR-based methods have only been tested on brain data. These methods perform well in that context if a stable segmentation algorithm is used.
As discussed above, a limited MR field of view may truncate the attenuation map, frequently omitting the arms. Voxel-based methods are especially sensitive to this issue because they only consider local information. Delso et al. investigated this effect and proposed a solution [63] . PET pre-reconstructions were used to extract the body surface by means of an active contour model. This was tested on 45 digital anthropomorphic simulations and ten PET/CT patient datasets. The bias in the trunk and liver activity was reduced from 19 % to less than 10 % in the worst case. However, quantitative errors could still reach 20 % at the edges of the FOV, even after correction. Reprinted, with permission, from [62] For some tissue types, many different values have been used as the attenuation coefficients. Currently, it is still unclear which values are best. This is one of the limitations of segmentation-based methods. A thorough investigation of the attenuation coefficients of all relevant tissue types would be revealing in this context. It is already known that the same attenuation coefficients for lung tissue should not be used for different patients. Perhaps the attenuation coefficient of the lungs could be determined based on the MR images or other properties of the patient, such as age, smoking habits, etc. The first results mapping MR image intensity to lung attenuation coefficients after calibration with CT-based values were promising in beagle studies recently performed by Marshall et al. [64] .
Not all attenuation correction methods that have been proposed for PET/MR are based on MR images. Transmission-based methods have also been investigated. The advantage of such methods is that they should allow acquisition of the true 511-keV attenuation coefficients without any prior knowledge. When simultaneous acquisition of emission and transmission data is performed, no time is lost with the acquisition of the attenuation map. However, such methods also inadvertently lead to the presence of more activity inside the PET bore, which may in turn decrease the count rate performance of the PET scanner. Therefore, there is a trade-off between the quality of the attenuation map and the quality of the resulting PET image. In addition, contrary to most MR-based methods, transmission-based methods for PET/MR have only been applied to simulation data but have not been applied in clinical practice. The performance of such methods when using patient data needs to be investigated.
The last methods that were described were based solely on emission data. Several methods have been proposed, most of which do not require the acquisition of any additional images or other information. Instead, the attenuation map is derived from the acquired emission data, which also contain information on the attenuation inside the FOV. These methods are very elegant and could be implemented on any PET/MR system with minimal extra effort. As with transmission-based methods, they allow acquisition of the true 511-keV attenuation coefficients. The main problem with such methods is the crosstalk between emission and attenuation, leading to decreased robustness. One method that uses prior knowledge in the form of connected regions from MR images has been proposed to improve this problem. While this increases the stability of the algorithms, it also relies on the accuracy of the connected regions derived from the MR image. Therefore, some of the problems encountered in voxel-based methods also need to be overcome. Although most methods have achieved good results, very few of them are routinely used in clinical practice. One of the main requirements for the implementation of an attenuation correction method in clinical practice is the robustness of the method, i.e., the guarantee that no error that could lead to an incorrect diagnosis will be present in the attenuation map. To assure this, all methods should be thoroughly tested, which requires clinical trials with an extensive number of patients. These trials should include studies in all regions of the body because there are large differences in the difficulties faced in different regions. This is especially the case between brain and body imaging. Currently, such trials have not been performed for any of the methods described in this review. For a method to become widely accepted in clinical practice, it should also be completely automated and not require any intervention from the user. Most methods described in this review can theoretically be completely automated, but some of them need additional work to achieve this goal. An intermediate step on the path to acceptance of a new attenuation coefficient technique during routine clinical practice could be to present the attenuation maps to the reader of the PET images, who could be trained with little effort to watch for possible artefacts that may influence the PET image.
An issue that was not covered in this review is 4-D attenuation correction, i.e., adapting the attenuation map to the (physiological or other) motions of the patient. Because simultaneous PET/MR allows motion estimations based on MR images, 4-D attenuation correction should also be possible, especially for MR-based attenuation correction methods. Some preliminary work has been performed on this topic by Buerger et al. [65] . Errors of up to 24 % were observed in the reconstructed PET images when the physiological motions of the patient were not considered for attenuation correction. This shows that 4D attenuation correction may be of interest.
Conclusion
In this review, an overview was provided of the challenges in attenuation correction for PET/MR and the different methods that have been proposed to overcome these challenges. MR-based methods and methods based on transmission or emission data were discussed. Although much progress has been made in the last few years, no method is currently capable of solving all of the issues. Furthermore, currently none of these methods have undergone thorough evaluation in clinical studies to determine reliability on a larger scale than within a proof of concept study. As more PET/MR scanners are becoming available, the demand for such investigations will become more urgent.
